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ABSTRACT 


A  second  investigation  was  conducted  in  the  12- in. , 
intermittent,  supersonic  wind  tunnel  of  the  von  Karman 
Gas  Dynamics  Facility  to  measure  the  effectiveness  of 
bound  ary -layer  suction  on  a  20-caliber  ogive  cylinder. 

The  application  of  suction-type  boundary-layer  control  on 
the  ogive  was  investigated  at  Mach  numbers  2.5,  3.0,  3.5, 
and  4.  0  over  a  unit  Reynolds  number  range  from  0.07  to 
1.  03  x  106  per  inch  with  the  model  at  zero  angle  of  attack. 
Some  additional  data  were  obtained  at  2 -deg  angle  of  attack 
at  Mach  number  3.  As  a  result  of  improving  the  design  of 
the  suction  system  a  significant  gain  was  made  in  reducing 
the  net  drag  of  the  model  at  Mach  number  3  by  boundary- 
layer  suction.  The  presence  of  the  suction  slots  with  no 
suction  when  compared  with  the  sealed  slot  configuration 
(that  is,  smooth  model)  had  some  influence  on  the  boundary- 
layer  characteristics  at  all  Mach  numbers. 
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NOMENCLATURE 


Ab 

Aw 


Cm 

Dp- 

Ds 

m 

P 

pi 

k 

Re 

rm 

u 

Ui 

U. 


y 

a 

A* 


8 

8* 


c 


Model  base  area,  8.  296  sq  in. 

Model  wetted  area.  144  sq  in.  up  to  model  station,  18.  8  in. 

Frictional -drag  coefficient,  2f 

Suction-drag  coefficient,  mU^/q^A* 

Suction  mass -flow  coefficient,  ra/p«uMAw 
Frictional  drag,  lb 
Suction  drag,  lb 
Free-stream  Mach  number 


Mass  rate  of  suction,  Ib-sec/in. 

Local  model  static  pressure,  psia 
Local  model  pitot  pressure,  psia 
Free-stream  dynamic  pressure,  psia 

Reynolds  number,  based  on  distance  to  rake  location 
Maximum  model  radius,  1.625  in. 

Local  velocity  in  boundary  layer,  in.  /sec 
Local  velocity  outside  boundary  layer,  in.  /sec 
Free-stream  velocity,  in.  /sec 
Model  axial  position,  in. 


Boundary-layer  transition  location,  in. 
Distance  normal  to  model  surface,  in. 

Angle  of  attack,  deg 

Boundary-layer  displacement  parameter,  in. , 


Boundary-layer  total  thickness,  in. 
Boundary-layer  displacement  thickness,  in. , 

(pi  Ui 


Boundary-layer  momentum  loss  coefficient,  2(0/rm) 
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e 


e* 


p 


<t> 


Boundary-layer  momentum  thickness,  in., 

{/>  ^/Pao  O** 


Boundary-layer  momentum  parameter,  in. , 


Local  density  in  the  boundary  layer,  lb-sec2/in. 

Local  density  outside  the  boundary  layer,  lb-sec2/in.4 

Free-stream  density,  lb-sec2/in.4 

Radial  coordinate  angle  from  leeward  Bide,  deg 
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INTRODUCTION 


An  experimental  program  utilizing  boundary-layer  suction  to  delay 
transition  on  a  body  of  revolution  was  investigated  for  the  NORAIR  Divi¬ 
sion  of  the  Northrop  Corporation  under  the  sponsorship  of  Aeronautical 
Systems  Division  (ASD)  in  the  12-in.,  intermittent,  supersonic  tunnel 
(Tunnel  E-l)  of  the  von  Karman  Gas  Dynamics  Facility  (VKF),  Arnold 
Center  (AFSC).  An  earlier  test  program*  utilizing  a  20-caliber  ogive 
cylinder  was  conducted  for  NORAIR  at  Mach  numbers  2.  5,  3.  0,  and  3.  5 
in  Tunnel  E-l  in  May  1958,  but  because  of  suction  flow  limitations  re¬ 
sulting  primarily  from  the  model  design  only  limited  suction  results  were 
obtained.  Using  the  same  configuration  and  model  size,  the  NORAIR  Divi¬ 
sion  increased  the  number  of  suction  slots  and  the  internal  suction  line 
diameters  to  reduce  the  pressure  drop  through  the  suction  system  and 
thus  improve  the  performance  of  the  model. 

The  primary  purpose  of  the  present  program  was  to  evaluate  the 
effects  of  boundary -layer  suction  on  the  improved  model.  The  test  was 
conducted  during  the  period  from  February  13  through  March  3,  1961. 

Test  results  were  obtained  at  Mach  numbers  2.  5,  3.  0,  3.  5,  and  4.  0  at 
an  overall  Reynolds  number  range  from  0.  07  to  1.  03  million  per  inch. 

At  Mach  number  3,  the  effectiveness  of  boundary-layer  suction  was  meas¬ 
ured  at  2-deg  angle  of  attack  and  at  zero  angle  of  attack  at  Mach  num¬ 
bers  2.5,  3.0,  3.5,  and  4. 0. 


APPARATUS 


WIND  TUNNEL 

Tunnel  E-l  is  an  intermittent,  supersonic  wind  tunnel  with  a 
12-in.  by  12-in.  test  section  (Fig.  1).  The  top  and  bottom  walls  of  the 
nozzle  are  flexible  plates  which  are  positioned  by  screw  jacks  to  vary 
the  Mach  number  within  the  range  from  1.5  to  5.  The  maximum  allow¬ 
able  stress  on  the  flexible  nozzle  plate  limits  the  tunnel  supply  pressure 
to  a  maximum  of  four  atmospheres,  which  is  maintained  by  throttling 
the  flow  from  a  surface-heated,  high-pressure,  air  storage  system.  A 
large  vacuum  sphere  coupled  to  the  downstream  end  of  the  tunnel  permits 
operation  at  low  density  levels. 


Manuscript  released  by  authors  May  1961. 

*W.  T.  Strike  and  J.  C.  Donaldson,  "investigation  of  Suction  Con¬ 
trolled  Boundary  Layer  on  a  Northrop  Model  at  Mach  Numbers  of  2.5, 
3.0,  and  3.5."  AEDC-TN-59-80^  July  1959. 
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MODEL 

A  20- caliber,  tangent,  ogive  cylinder  (Figs.  2  and  3)  was  used  as  a 
typical  body  of  revolution.  The  model,  approximately  seven  calibers 
long  with  a  3.  25-in.  base  diameter,  was  strut-mounted  to  the  tunnel 
floor.  Four,  surface,  static  pressure  orifices  were  located  at  various 
model  stations  (Fig.  2).  The  model  with  four  independent,  internal 
suction  chambers  was  fabricated  with  separate  inner  and  outer  shells. 

A  shrink  fit  process  was  used  to  hold  the  two  shells  in  place.  The  outer 
shell  consisted  of  contoured  aluminum  bands  separated  by  spaces  which 
formed  slots  (0.  004  to  0.  006  inches  in  width)  over  rings  of  holes  in  the 
inner  shell  (Fig.  4).  Thus,  with  suction  applied  air  flowed  through  the 
slot  into  a  small  plenum  chamber  between  the  inner  and  outer  shells  and 
then  through  the  holes  of  the  inner  shell  into  a  suction  chamber.  The 
model,  the  suction  metering  boxes,  a  common  suction  tank,  and  asso¬ 
ciated  suction  lines  were  furnished  by  NORAIR. 

A  boundary  layer  rake  (Fig.  3)  consisting  of  seven  total  head  probes 
npade  of  0.  016-in.  O.  D.  steel  tubes  was  mounted  on  the  model.  The  rake 
could  be  positioned  at  any  station  along  the  cylindrical  portion  of  the 
model. 


SUCTION  SYSTEM 

A  schematic  of  the  suction  system  is  outlined  in  Fig.  4.  From  each 
of  the  four  model  suction  chambers,  a  suction  line  was  connected  to  a 
metering  box,  containing  a  throttle  valve  and  an  interchangeable  con¬ 
verging  nozzle,  which  was  used  to  regulate  and  measure  the  mass  of  air 
removed  from  the  boundary  layer.  Four  evacuating  lines  from  the 
metering  boxes  were  connected  to  a  common  12- in.  -diam  suction  line. 


INSTRUMENTATION 

All  pressures  were  measured  with  differential  transducers  using  a 
reference  pressure  of  10  to  80  microns  of  mercury.  The  reference 
pressures  were  measured  by  low-pressure  gages  and  incorporated  in 
the  data  reduction  program.  The  output  of  the  transducers  and  thermo - 
couples  was  monitored  on  self-balancing  potentiometers  which  were 
digitized  so  that  data  could  be  automatically  recorded,  computed  and 
tabulated. 

Aside  from  the  tunnel  test  conditions,  the  following  information  was 
recorded  during  the  test:  four  model  surface  static  pressures,  model 
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suction  chamber  pressures  and  temperatures,  metering  chamber  stag¬ 
nation  pressures  and  temperatures,  and  the  differential  pressure  between 
stagnation  and  nozzle  static  pressure  of  each  of  the  metering  boxes . 

A  conservative  estimate  of  the  precision  of  this  data  at  Mach  num¬ 
ber  3  in  terms  of  the  pressure  ratio  (p/p, )  was  ±0.  4  percent  which 
resulted  in  a  velocity  ratio  (  U/\)t )  reliability  of  ±0.  2  percent.  It  was 
not  feasible  to  obtain  a  true  statistical  estimate  of  the  uncertainty  of  the 
boundary-layer  parameters  because  these  computations  depended  upon 
the  fairing  of  curves,  the  accuracy  of  the  measurements  of  the  rake 
geometry,  and  the  use  of  a  planimeter  to  graphically  integrate  the  mo¬ 
mentum  and  displacement  parameter  distributions. 

Shadowgraph  pictures  of  the  flow  on  the  model  in  the  region  ahead 
of  the  boundary- layer  rake  were  taken  for  nearly  all  test  points. 


PROCEDURE 


The  tests  were  conducted  in  Tunnel  E-l  at  the  following  test  condi¬ 
tions: 


Nominal 
Mach  No. 

Mach  No. 

Re/in.  x  10® 

Boundary-Layer  Rake 
Locations,  in. 

2.5 

2.  50 

=  0.  10  to  1.03 

18.8  1 

,  With  or  Without 

3.0 

3.  00 

-  0.  07  to  0.  84 

IB.  8  J 

Suction 

3.5 

4.0 

3.49 

3.  98 

=  0.  10  to  0.60 
=  0.  08  to  0.  46 

19.  1  | 
19.  1  I 

•  With  Suction 

Except  for  some  test  results  at  Mach  number  3,  the  boundary-layer 
profiles  were  measured  with  the  model  at  zero  angle  of  attack  at  each 
Mach  number.  At  Mach  number  3  some  measurements  were  obtained 
with  the  model  at  2-deg  angle  of  attack. 

The  test  procedure  consisted  of  first  determining  the  stagnation  pres¬ 
sure  at  which  transition  occurred  at  the  boundary-layer  rake  without 
suction  by  noting  the  rate  of  change  of  the  local  pitot  pressures  with  free- 
stream  stagnation  pressures.  Starting  with  the  conditions  where  the 
boundary  layer  was  turbulent  at  the  rake,  the  effects  of  suction  were 
determined  for  various  free-stream  Reynolds  numbers. 

After  the  suction  phase  of  testing,  the  boundaj”y“layer  profile  was 
measured  at  each  Mach  number  over  the  maximum  available  Reynolds 
number  range  with  no  suction  when  the  rake  was  placed  18.  8  in.  aft  of 
the  model  nose.  Data  were  obtained  with  the  suction  slots  open  and  with 
the  evacuating  lines  to  the  metering  boxes  sealed.  These  measurements 
"were  then  repeated  with  the  suction  slots  sealed  by  dental  plaster. 
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DATA  ANALYSIS 


The  experimental  data  were  analyzed  as  follows.  Since  the  meas¬ 
urements  were  performed  on  a  body  of  revolution,  a  boundary-layer 
momentum  loss  coefficient  U)  was  obtained  by  dividing  the  loss  of  the 
momentum  in  the  boundary  layer  by  the  product  of  p  U  1  and  the  model 
base  area.  * 


The  following  relations  were  used  to  define  the  boundary-layer  momen¬ 
tum  thickness  6,  the  displacement  thickness  8*,  and  skin-friction  coef¬ 
ficient  CDF: 


where 


and  f  2(<9/rm)  ,  Cdf  -  2  e  (Ab/Aw) 

Similarly  the  displacement  thickness  was  defined  as 


5*  Am  -  (Pl  U^)  (4Vrm) 


12 


AEDC-TN-61-66 


The  suction  coefficient  Cm  was  defined  as  Cm  =  m/(pM  U.,,  Aw) . 

Assuming  that  all  of  the  momentum  of  the  air  removed  from  the 
boundary  layer  has  been  lost,  the  corresponding  minimum  suction 
drag  (h.O  is  equal  to  the  product  of  Hence  the  suction- drag  coef¬ 

ficient,  referred  to  the  model  wetted  area,  is 

Cds  =  Ds/q^  Aw  *=  2  Cm 


The  effectiveness  of  the  suction  at  Mach  number  3  was  evaluated 
over  the  Reynolds  number  range  with  the  ratio  of  the  total  (suction  and 
friction)  drag  to  the  drag  without  suction  (that  is,  friction  drag)  with  the 
model  slots  sealed. 


RESULTS  AND  DISCUSSION 


Typical  plots  of  the  velocity  ratio  (U/U^  ),  displacement,  and  momen¬ 
tum  distribution  in  the  boundary  layer  on  the  20-caliber  ogive  cylinder 
at  Mach  number  3  over  a  Reynolds  number  range  at  zero  angle  of  attack 
are  presented  in  Fig.  5.  These  data  represent  the  boundary-layer  char¬ 
acteristics  of  a  smooth,  continuous,  ogive  surface  (that  is,  the  slots  in 
the  20-caliber  ogive  cylinder  were  sealed  with  dental  plaster  to  station  18.8). 
A.S  expected,  the  laminar  profile  thickness  decreased  with  increasing  Reyn¬ 
olds  number  until  the  boundary  layer  became  partially  turbulent  or  until 
transition  occurred  in  the  region  of  the  boundary-layer  rake.  A  further 
increase  in  Reynolds  number  in  the  range  between  a  fully  laminar  and 
turbulent  boundary  layer  resulted  in  the  usual  increase  in  the  boundary- 
layer  profile  thickness. 

At  2-deg  angle  of  attack  the  variation  of  the  boundary-layer  profiles 
varied  around  the  ogive  at  model  station  18.  8  in.  as  shown  in  Fig.  6. 

These  data  were  taken  at  Mach  number  3  with  the  model  slots  open  but 
with  no  suction.  On  the  leeward  side  of  the  model  (^  -  o  deg )  the  boundary- 
layer  profiles  were  thickest,  and  transition  of  the  boundary  layer  from 
aminar  to  partially  turbulent  flow  at  a  free -stream  Reynolds  number  of 
-  19  x  10  per  inch  occurred  between  the  windward  side  and  the  90-deg 
radial  position.  An  increase  in  Reynolds  number  to  0.  84  x  106  per  inch 
produced  turbulent  flow  at  radial  positions  <f>  -  0  ,  90  ,  and  180  deg. 

In  Fig.  7,  the  influence  of  the  suction  slots  without  suction  on  the 
boundary-layer  characteristics  are  presented  for  Mach  numbers  2.5,  3.0, 

•  5,  and  4.  0.  In  the  case  of  the  slotted  model  with  no  applied  suction, 
some  local  suction  and  blowing  will  result  from  the  axial  pressure 
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gradient  because  a  common  model  suction  chamber  was  utilized  for 
several  model  slots  along  the  model  surface  (see  Figs.  2  and  4).  The 
rate  of  exchange  of  air  between  slots  was  governed  by  the  magnitude  of 

and  ‘,he  PreSSUre  loSS  taSl  lo 

..  * In  general,  suction  would  tend  to  delay  transition,  whereas 

would  tendT  alr“t0  tlle  boundary  lay-  and  the  presence  of  toe  stots 
would  tend  to  promote  early  transition. 

tovo^hwT^f'  M®ch  number  2.  5  (Fig.  7a)  toe  slots  created  an  un- 

sloued  ^nd  wu  h  °aUBed  <ransition  40  °aaur  sooner  on  toe 

‘  m°dlthan°n  a  smooth  contoured  surface  when  the  slots  were 
sealed.  At  the  higher  Mach  numbers,  namely  3  0  3  5  and  4  n 

tZ  to°toetrded,t0  dalay  ,raaai‘i0a  alightlyLd  decrease  toe  irtoUo^ 

was  neither  fun1?0"  Reynolds  ttumber  range  where  the  boundary  layer 
Mach  number  for  Mach  numbers  of  3  or  above. 

seal^on^hP  hn^d^3  \he  in£luence  of  sucti°"  and  suction  slots  open  and 
and  h+!  boundary-layer  profiles  at  Mach  number  3.  Figures  7b 

™  redded  and  to  ^  ^  sl0‘s  °P»  the  boundary-laJeftWckness 
™dj  ,  ,  d  h  velocity  Profiles  were  altered  by  a  measurable 
mount.  Profiles  are  also  presented  in  Fiff  fi  +/->  ah« 

=- 

as  th^ o^m9'  ‘he  aantion-mass  coefficient  (which  is  herein  referred  to 
s  the  optimum  suction  coefficient)  reDrpspnta  *i,0  „  .  , 

auirpd  in  represents  the  amount  of  suction  re- 

?  ®  .  Prod^ce  the  minimum  overall-drag  coefficient  /CD  +  Cn  '  at 

^th^1^11  s“ction.  'and  additionafdata  vfere*  obtatoetTaT reduced  valu*esear 


*  ^  - auiauumcimea  to  incrpa<?p  t 

Uyer  momentum  thickness,  the  overall-drag  coefficient  (Cn 
could  ba  reduced  with  a  reduction  in  suction  C°efflClent  (C°r 


Cd5  ) 


fth  f°I3ti+mumi  SUction  values  and  the  relative  reduction  in  overall  drae 

he  Wo'tiona  ‘dr  trcli°n  dr*S>  fr°t»  suction  wito  respecfto 

R<a  ,^t  al  drag  Wlth°ut  suction  are  plotted  against  the  free-stream 

suc^tl'^ 

nuntber.  Therefore  in  the  Reynolds  number  r£,ge  KS  , 

DO  ' 
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where  the  boundary  layer  was  transitional  or  turbulent,  the  maximum 
possible  reduction  in  the  overall  drag  must  approach  the  laminar  drag 
value.  The  laminar-drag  coefficient  value  used  in  Fig.  9  to  define  the 
maximum  possible  drag  reduction  was  obtained  by  extrapolating  the 
laminar  frictional  drag  values  measured  at  the  lower  Reynolds  number 
(Re  <  5  x  10  at  =  3)  to  the  higher  Reynolds  number,  where  the  bound¬ 
ary  layer  was  normally  transitional  or  turbulent. 

Also  included  in  Fig.  9  is  a  comparison  of  the  present  results  to 
earlier  test  results  obtained  in  Tunnel  E-l  and  reported  in  AEDC-TN-59-80. 
As  a  result  of  improving  the  design  of  the  model  (increasing  the  number  of 
suction  slots  and  diameter  of  the  internal  suction  lines)  transition  of  the 
boundary  layer  from  laminar  to  turbulent  flow  was  delayed,  and  transition 
occurred  at  a  Reynolds  number  from  10  to  11  million  instead  of  only  6  or 
6.  5  million  as  reported  in  AEDC-TN-59-80.  The  maximum  suction  coef¬ 
ficient  Cm  achieved  in  the  previous  test  was  1.  24  x  10"4,  which  resulted 
in  the  optimum  reduction  in  the  overall  drag  of  27  percent  at  a  Reynolds 
number  of  6  or  6.  5  million.  In  the  present  test  the  optimum  suction 
coefficient  Cm  was  1.  36  x  10-4  at  a  Reynolds  number  of  10.5  x  10^,  which 
resulted  in  a  5 8 -percent  reduction  in  the  overall  drag. 

The  optimum  suction  coefficient  Cmj  represented  the  total  suction 
coefficient  of  all  four  model  suction  chambers.  There  was  an  unlimited 
number  of  combinations  of  suction  distribution  which  equalled  the  total 
suction  value  plotted  in  Fig.  9  as  the  optimum  suction  value.  In  general, 
the  amount  of  suction  was  equally  divided  among  the  four  metering  cham¬ 
bers  for  the  optimum  case.  In  some  cases,  increasing  the  suction  beyond 
the  optimum  value  would  decrease  the  frictional  drag  but  increase  the 
overall  drag  (CDp  +  cDs)  (see  Fig.  9). 

For  a  free-stream  unit  Reynolds  number  of  0.53  x  10^  per  inch,  the 
variation  of  the  location  of  transition  as  measured  from  shadowgraph 
pictures  without  suction  is  presented  in  Fig.  10.  Included  in  the  figure 
is  the  transition  location  attained  with  optimum  suction  and  without  suc¬ 
tion  at  two-degrees  angle  of  attack  on  the  windward  side  at  Mach  number  3. 
Transition  was  delayed  by  “9.  5  in.  because  of  suction  at  Mach  number  3. 
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CONCLUDING  REMARKS 


The  presence  of  the  suction  slots  in  the  model  surface  promoted 
early  transition  at  Mach  number  2.  5  and  delayed  transition  at  Mach 
numbers  3.  0,  3.  5,  and  4.  0.  A  comparison  of  the  net  drag  reduction 
at  Mach  number  3  with  the  results  obtained  during  an  earlier  test  on 
the  same  model  configuration  showed  a  significant  improvement  in  the 
model  performance  which  amounted  to  a  58-percent  reduction  in  net 
drag  at  a  Reynolds  number  from  10  to  11  million  as  compared  to  a 
2 1  -percent  net  drag  reduction  at  a  Reynolds  number  from  6  to  6.  5  mil¬ 
lion. .  The  design  features  which  resulted  in  these  performance  gains 
consisted  of  improvements  in  the  suction  system  and  a  closer  spacing 
of  the  suction  slots.  ‘  ° 
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Fig.  5  Typical  Boundary-Layer  Profile*  at  Mach  Number  3,  a  -  0 
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a.  Mach  Number  2.5 

Fig.  7  Influence  of  Suction  Slots  on  the  Boundary-Layer  Characteristics  at  Model  Station  18.8  in. 
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b.  Mach  Number  3.0 
Fig.  7  Continued 
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e.  Mach  Number  3.5 
Fig.  7  Continued 


d.  Modi  Number  4.0 
Fig.  7  Concluded 
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Fig.  8  Influence  of  Suction  ond  Suction  Slots  on  tlie  Boundary-Layer  Profiles 
at  Mach  Number  3,  Ro/in.  ■=  0.53  x  106 
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Fig,  10  Variation  of  Tramition  Location  with  Mach  Number  at  Re/in, 
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